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Abstract
In this paper, we present a study to measure the differences be-
tween the atmospheric neutrino and anti-neutrino oscillations in the
Iron-Calorimeter detector at the India-based Neutrino Observatory ex-
periment. Charged Current νµ and νµ interactions with the detector
under the influence of earth matter effect have been simulated for ten
years of exposure. The observed νµ and νµ events spectrum are sep-
arately binned into direction and energy bins, and a χ2 is minimised
with respect to each bin to extract the oscillation parameters for νµ
and νµ separately. We then present the ICAL sensitivity to confirm a
non-zero value of the difference in atmospheric mass squared of neutrino
and anti-neutrino i.e. |∆m232| − |∆m232|.
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1 Introduction
In the last few decades, neutrino oscillation experiments have provided many
model independent evidences of neutrino oscillations. It all started in 1998
when Super-Kaimokande observed that the atmospheric muon neutrinos are
changing flavor as they traverse through the atmosphere [1, 2]. In 2001, the
Sudbury Neutrino Observatory experiment obtained a direct evidence of a fla-
vor change of solar neutrinos due to neutrino oscillations [3]. Next, KamLand
experiment observed the same effect with reactor neutrinos in 2002 [4]. There
are now multiple next generation of experiments aimed at studying neutrino
oscillation using different neutrino sources. The neutrino oscillations within
the three flavor framework is well established from solar, atmospheric and reac-
tor neutrino experiments, and the oscillation parameters are getting measured
with better precision. The evidence of non-zero masses of neutrinos establish
the fact that the three flavors of neutrinos are mixed. In the three-flavor oscil-
lation paradigm, neutrino mixing can be described by a 3×3 unitary mixing
matrix known as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [5, 6].
The three flavor eigenstates of neutrinos are mixtures of three mass eigen-
states according to the PMNS matrix. Under the standard parameterization
of PMNS matrix, the neutrino oscillation probabilities are defined in terms of
three mixing angles θ12, θ23, θ13; two mass-squared differences ∆m
2
21, ∆m
2
32
and a Dirac CP-violation phase δCP . The resulting oscillation probabilities
depends on the these oscillation parameters (mixing angles and mass squared
differences). For a given neutrino of energy Eν and the propagation length L,
the survival probability for νµ is given by
P (νµ → νµ) ' 1− 4 cos2 θ13 sin2 θ23× [1− cos2 θ13 sin2 θ23] sin2(1.267|∆m
2
32|L
Eν
),
(1)
and similarly the survival probability for νµ is given by
P (νµ → νµ) ' 1−4 cos2 θ13 sin2 θ23×[1−cos2 θ13 sin2 θ23] sin2(1.267|∆m
2
32|L
Eν
),
(2)
where, the symbols with bar (|∆m232|, θ13, θ23) are used for the respective
parameters for the anti-neutrino oscillations.
In the Standard Model (SM) of particle physics, the parameters for parti-
cles and antiparticles are identical because of CPT symmetry. Hence, under
the CPT symmetry, the mass splittings and mixing angles are identical for
neutrinos and anti-neutrinos, implying P (νµ → νµ) = P (νµ → νµ). Any in-
equality between these disappearance probabilities of neutrinos and antineu-
trinos, could therefore, provide a hint for new physics. Also, any difference
between the parameters governing the oscillation probabilities of neutrinos and
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antineutrinos could provide a possible hint for CPT violation. We investigate
the prospects for the measurement of such a difference in |∆m232| and |∆m232|
in Iron-Calorimeter (ICAL) experiment at the India-based Neutrino Observa-
tory (INO) [7, 8]. A similar work has been carried out by MINOS [9] and
Super-Kamiokande [10] experiment. However, in the present work, for the
first time, we show the INO-ICAL experimental sensitivity for the difference
in |∆m232| and |∆m232| irrespective of the theoretical mechanism responsible
for the difference in the neutrino and antineutrino parameters.
The INO-ICAL experiment is an atmospheric neutrino experiment meant
to study neutrino oscillations with muon disappearance channel. The ICAL
experiment is sensitive to the atmospheric muon type neutrinos and antineu-
trinos through their interactions with the iron target producing muons and
hadrons via the Charged Current (CC) interactions. The νµ and νµ particles
are identified by the production of µ− and µ+, respectively, through their CC
interaction (νµ(νµ) +X → µ−(µ+) +X ′). The energy and direction of the in-
coming neutrinos/anti-neutrinos has to be measured accurately for the precise
measurement of oscillation parameters. The energy and direction of these in-
teracting neutrinos/anti-neutrinos can be determined from the reconstructed
energy and direction of muons and hadrons. The muons deposit their energy in
iron target forming a clear track-like pattern while hadrons form a shower-like
pattern. Further details of the INO-ICAL experiment are provided in Sec. 2.
In this paper, we present the separate measurement of neutrino and anti-
neutrino oscillation parameters. The INO-ICAL detector has a unique ability
to distinguish between µ− and µ+ events with their bendings in magnetic field,
and hence can easily separate neutrinos and anti-neutrinos. Earlier ICAL
analysis has shown its potential for measurement of oscillation parameters
and mass hierarchy with combined neutrino and anti-neutrino events [11, 12,
13, 14]. The reach of INO-ICAL experiment for CPT violation has also been
studied in the litreature [15, 16]. Here, we will analyze neutrino and anti-
neutrino events separately and compare their oscillation parameters in order
to find any signature of new physics including CPT violation [17, 18].
The analysis is performed with the construction of a χ2 function with 3D
binning in muon energy, muon direction and hadron energy [Sec. 3.1]. We
calculate χ2 for neutrinos and antineutrinos separately and minimize it to
constraint the experimental parameter spaces (|∆m232|, θ23) and (|∆m232|, θ23)
[Sec. 3.2] assuming that the true parameters of νµ and νµ are identical. Next,
we study the possibility that the true values of |∆m232| and |∆m232| can be
different. In Sec. 3.3, we consider 4 theoretical scenarios when |∆m232| and
|∆m232| take different set of values to find the ∆χ2 contours for different
experimental values of |∆m232| and |∆m232|. This gives us the INO-ICAL
sensitivity in the (|∆m232|-|∆m232|) parameter space for these hypothetical
scenarios.
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The main aim of the paper is to find the sensitivity of INO-ICAL for the
measurement of the difference (|∆m232| − |∆m232|). If the true values of the
|∆m232| and |∆m232| are different, at what confidence level the null hypothesis
i.e. |∆m232|=|∆m232|, can be ruled out? This is addressed in Sec. 3.4.
In this paper, we have demonstrated the potential of INO-ICAL for the
separate measurement of νµ and νµ oscillation parameters. The results of this
study are summarized in Sec. 4.
2 The ICAL experiment
India-based Neutrino Observatory (INO) is an approved mega science project,
which will be located at Bodi West hills in the Theni district of South India.
A huge 50 Kton ICAL detector with the magnetized iron target will operate
at INO. The 1 km rock overburden above the site will act as a natural shield
from the background of cosmic rays. The dimensions of the cavern will be
132m × 26m × 32m. The ICAL detector will be of rectangular shape of di-
mensions 48m × 16m × 14.5m having three modules. Each module weighing
about 17 Kton with the dimensions 16m × 16m × 14.5m. Each module will
consist of 151 layers of 5.6 cm thick iron plates with alternate gaps of 4 cm
where the active detector element will be placed. The ICAL experiment will
use Resistive Plate Chambers as active detector element to detect the charged
particles produced in the neutrino interaction with the iron nuclei. Since the
INO experiment is expected to take data for several years to collect statisti-
cally significant number of interactions, the RPCs are a good choice because
of their long lifetime[19]. The RPCs will give (X, Y) hit information with
0.96 cm spatial resolution. There will be a total of 30,000 RPCs of dimension
2m× 2m in the ICAL detector. Another important feature of the INO-ICAL
experiment is the application of a magnetic field of 1.5 T that will help in
distinguishing the charge of the interacting particles. This distinction is cru-
cial for the precise determination of relative ordering of neutrino mass states
(neutrino mass hierarchy) and other parameters.
The INO-ICAL experiment is sensitive to atmospheric muons only. Hence,
it will observe interactions of muon type neutrinos. The detector is not suitable
for detection of electrons because of large thickness of iron plates (5.6 cm)
compared to the radiation length of iron (17.6 cm). Also, tau lepton production
is limited because of the high threshold of tau production (4 GeV). The ICAL
experiment will also measure the energy of hadron shower to improve the
energy reconstruction of events, and hence the overall sensitivity to neutrino
parameters[20, 13].
The INO-ICAL resolutions for muon energy and direction as well as hadron
energy are available from the GEANT4 [21] simulation studies [22, 23]. The
simulation studies provide us a reasonable characterization of the detector.
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3 Analysis procedure
The magnetized ICAL detector is primarily designed to differentiate the neu-
trino and anti-neutrino interactions of atmospheric muon neutrinos with excel-
lent charge identification [22]. Since the events at ICAL can easily be separated
into samples of νµ and νµ, they can be used to study oscillations separately in
neutrinos and anti-neutrinos. We exploit this feature of ICAL experiment to
measure the oscillation parameters independently using νµ and νµ events as-
suming |∆m232| = |∆m232|. Next, we explore the ICAL ability to find out any
non-zero difference in the atmospheric mass squared differences of neutrinos
and antineutrinos i.e. |∆m232| − |∆m232|.
For performing the analysis, we generated the atmospheric neutrino data
set using HONDA et.al.[24] 3-D neutrino flux with ICAL detector specifica-
tions using NUANCE event generator [25]. For final χ2 analysis, 1000 years
equivalent data of 50kt ICAL detector has been scaled down to 10 years ex-
posure to normalize the statistical fluctuations. The ICAL detector is highly
sensitive for the CC interactions of νµ and νµ events in the energy range 0.8-
12.8 GeV. Therefore, full event spectrum comprises the CC νµ (and νµ) events
coming from νµ(νµ) → νµ(νµ) survival channel and from νe(νe) → νµ(νµ)
oscillation channel. Initially, each event is generated without introducing os-
cillations, to reduce the computational time. The effect of oscillations have
been incorporated separately using the Monte Carlo re-weighting algorithm
described in earlier studies [12, 14, 13]. For each neutrino/antineutrino event
of a given energy (Eν or Eν) and zenith direction θz, three flavor oscillation
probabilities are calculated taking earth matter effects into account. The mat-
ter density profile of Earth is taken from the Preliminary Reference Earth
Model [26] which divides the Earth into several layers according to their mat-
ter densities.
In order to introduce the detector effects, we use the realistic detector res-
olutions and efficiencies of the ICAL detector based on GEANT4 simulations.
The reconstruction of a neutrino (or anti-neutrino ) event requires the mea-
surement of the secondary particles like muons (or anti-muon) and hadrons.
The muons give clear track of hits inside the magnetized detector. Therefore,
the energy of these particles can be easily reconstructed using a track fitting
algorithm. The complete details of ICAL response for µ+ or µ− e.g. energy
and direction resolutions, reconstruction and charge identification efficiencies
are available in Ref [22]. The ICAL has an excellent charge identification
efficiency (more than 98%) and good direction resolution for muons (∼ 1◦)
in the energy region of interest. Hadrons deposit their energies in a shower
like pattern in the detector. So, total energy deposited by the hadron shower
(E ′had = Eν − Eµ) is used to calibrate the detector response. The details of
energy resolution and efficiency of hadrons at ICAL can be found in Ref [23].
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Muon energy bins (Eµ± in GeV) Range Bin width
12 0.8-4.8 0.34
4 4.8-6.8 0.5
3 6.8-9.8 1
1 9.8-12.8 3
Hadron energy bins (Ehadron in GeV)
2 0.0-2.0 1
2 2.0-8.0 3
1 8.0-13 5
Muon angle bins (cos θµ±)
20 -1 - +1 0.1
Table 1: Optimized 3D binning scheme used for analyses.
3.1 The χ2 Function
The oscillation parameters of the atmospheric neutrinos have been extracted
with a χ2 analysis. The re-weighted events, with detector resolutions and effi-
ciencies folded in, are binned into the observed muon energy, muon direction
and hadron energy. An optimized bin width have been used for these observ-
ables to get statistically significant event rates. The data has been divided
into a total of 20 muon energy bins and 5 hadron energy bins with varying bin
widths. A total of 20 muon direction bins for cos θµ in the range of -1 to 1,
with equal bin width has been chosen. The above mentioned binning scheme
is applied for both νµ and νµ events. The details of the binning scheme is
shown in Table 1.
A “pulled” χ2 [27] method based on Poisson probability distribution is
used to compare the expected and observed data with inclusion of systematic
errors. Five systematic errors used in analysis are: a 20% error on atmospheric
neutrino flux normalization, 10% error on neutrino cross-section, an overall 5%
statistical error, a 5% uncertainty due to zenith angle dependence of the fluxes,
and an energy dependent tilt error, as considered in earlier ICAL analyses
[12, 13].
In the method of pulls, systematic uncertainties and the theoretical errors
are parameterized in terms of a set of variables ζ, called pulls. Due to the fine
binning, some bins may have very small number of entries. Therefore, we use
the poissonian definition of χ2 given as
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χ2(νµ) = min
∑
i,j,k
(
2(N th
′
ijk(νµ)−N exi,j,k(νµ)) + 2N exi,j,k(νµ)(ln
N exi,j,k(νµ)
N th
′
i,j,k(νµ)
)
)
+
∑
n
ζ2n,
(3)
where
N th
′
ijk(νµ) = N
th
i,j,k(νµ)
(
1 +
∑
n
pinijkζn
)
. (4)
Here, N exijk are the observed number of reconstructed events, generated using
true values of the oscillation parameters in ith muon energy bin, jth muon
direction bin and kth hadron energy bin. In Eq.( 4), N thijk are the number
of theoretically predicted events generated by varying oscillation parameters,
N th
′
ijk show modified events spectrum due to different systematic uncertainties,
pinijk are the systematic shift in the events of the respective bins due to n
th
systematic error. The variable ζn, the univariate pull variable, corresponds
to the pinijk uncertainty. An expression similar to Eq.( 3) can be obtained for
χ2(νµ) using reconstructed µ
+ event samples.
The functions χ2(νµ) and χ
2(νµ) are calculated separately for the indepen-
dent measurement of neutrino and anti-neutrino oscillation parameters. The
two χ2 can be added to get the combined χ2(νµ + νµ) as
χ2(νµ + νµ) = χ
2(νµ) + χ
2(νµ). (5)
3.2 Same True oscillation parameters for neutrinos and
antineutrinos
In the present work, we investigate the scenario where the neutrino and an-
tineutrino oscillations are different. However, we begin with the case where
neutrinos and antineutrinos have identical oscillation parameters (|∆m232| =
|∆m232|, sin2 θ23 = sin2 θ23). The central true values of the oscillation param-
eters and their marginalization range used in the analysis are shown in Table
2. The χ2 have been calculated as the function of the atmospheric oscillation
parameters ( |∆m232| and sin2 θ23) while all other oscillation parameters are
kept fixed at their central values. The solar oscillation parameters ∆m221 and
sin2 θ12 are fixed as they do not show significant impact on the results. Since
θ13 is now known quite precisely, it has been kept fixed as well. Since, ICAL
is not sensitive to the δCP [28], it is kept fixed at 0
◦
.
In order to obtain the experimental sensitivity for sin2 θ23 and |∆m232|, we
independently minimize the χ2(νµ), χ
2(νµ) and combined χ
2(νµ+νµ) function
by varying oscillation parameters within their allowed ranges with all system-
atic uncertainties folded in. The precision on the oscillation parameters can
7
Oscillation parameters True values Marginalization range
sin2(2θ12) 0.86 Fixed
sin2(θ23) 0.5 0.4-0.6
sin2(θ13) 0.0234 Fixed
∆m221 (eV
2) 7.6 × 10−5 Fixed
|∆m232| (eV2) 2.4 × 10−3 (2.1-2.6) × 10−3
δ 0.0 Fixed
Table 2: True values of the neutrino oscillation parameters used in the analy-
sis. We vary sin2 θ23 and |∆m232| in their 3σ range whereas the other vairables
are kept fixed.
be defined as the ratio of (Pmax − Pmin) to the (Pmax + Pmin), where Pmax
and Pmin are the maximum and minimum values of the concerned oscillation
parameters at the given confidence level.
23θ
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Figure 1: The 3σ sensitivity plot on (sin2 θ23=sin
2 θ23, |∆m232|=|∆m232|) pa-
rameter space from the χ2 analyses separately for neutrino only events, an-
tineutrino only events and combined neutrino and antineutrino (νµ+νµ) events
Fig.1 shows the resulting contours at 3σ confidence level (C.L.) obtained
for the (|∆m232|, sin2 θ23) or (|∆m232|, sin2 θ23) planes. These results are also
compared with combined results of neutrino and antineutrino events.
Table 3 shows the precision values at the 3σ C.L. obtained from neutrino
only events, anti-neutrino only events and with the combined (νµ+νµ) events.
It can be observed that combined νµ and νµ analysis gives more precise values
of the oscillation parameters, as expected. The major contribution to this
precision comes from the higher statistics of the combined neutrino events.
However, the ICAL detector can also measure |∆m232| very precisely from neu-
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Analysis sin2 θ23 |∆m232| (eV2)
Neutrino events 27.1% 10.4%
Anti-neutrino events 38.0% 13.4%
Combined(νµ + νµ) 25.0% 8.3%
Table 3: Precision values at the 3σ C.L. considering sin2 θ23 = sin
2 θ23 and
|∆m232|=|∆m232| (eV2) obtained from neutrino only events, anti-neutrino only
events and with the combined (νµ + νµ) events.
trino and antineutrino events, separately. It can be noted that the allowed pa-
rameter space of anti-neutrino analysis is wider than the neutrino only events
analysis due to their low statistics.
3.3 Different True values of |∆m232| and |∆m232|
The good precision of INO-ICAL for |∆m232| and |∆m232| motivates us to
examine the scenario when the true values of |∆m232| and |∆m232| have different
values. This will allow us to either establish or rule out the hypothesis that
neutrinos and antineutrinos have same oscillation parameters.
We assume that neutrinos and antineutrinos have different true values of
mass squared differences (|∆m232|, |∆m232|). All other oscillation parameters
are same as in the previous section. We take different representative cases of
the true values of |∆m232| and |∆m232| and estimate χ2 as a function of the
|∆m232| and |∆m232|. For each case, the true values of all oscillation parameters
are fixed and χ2(ν + ν) have been estimated as a function of observed values
of |∆m232| and ∆m232|. The χ2 contours at 68%, 90% and 99% C.L. have
been plotted on the (|∆m232|, |∆m232|) parameter space. The straight line
corresponding to the null hypothesis (|∆m232|=|∆m232|) is also shown. If the
null hypothesis line is nσ away form the χ2 minimum, it can be concluded
that the null hypothesis (|∆m232|=|∆m232|) is ruled out at nσ C.L. The four
plots in Fig. 2 correspond to the true values of |∆m232| and |∆m232| as shown
in Table 4.
Fig.2(a) show the contours when true values of |∆m232| and |∆m232| are
exactly equal (i.e.|∆m232|−|∆m232| = 0). In this case, the null hypothesis line (
solid black line) crosses the central best fit point. In Fig. 2(b), 2(c) and 2(d) the
difference (i.e.|∆m232|−|∆m232|) is non-zero, and hence the best fit point shifts
away from the null hypothesis line. Fig.2(b) correspond to the case when true
values of |∆m232| = 2.6× 10−3eV 2 and |∆m232| = 2.2× 10−3eV 2 (i.e.|∆m232| −
|∆m232| = 0.4 × 10−3eV 2). Here, the null hypothesis line is tangential to 3σ
contour. So, the tangential point is 3σ away from the central best fit value.
Thus, it can be concluded that null hypothesis is ruled out at 3σ C.L. Similarly,
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Figure 2: Contour plots at 68%, 90% and 99% C.L. for different true values
of |∆m232| and |∆m232| as mentioned in Table 4. Here, X-axis corresponds to
|∆m232| values and Y-axis corresponds to |∆m232| values.
Fig2.No. |∆m232| (eV2) |∆m232| (eV2) |∆m232|-|∆m232| (eV2)
(a) 2.4×10−3 2.4×10−3 0.0×10−3
(b) 2.6×10−3 2.2×10−3 0.4×10−3
(c) 2.1×10−3 2.4×10−3 -0.3×10−3
(d) 2.4×10−3 2.1×10−3 +0.3×10−3
Table 4: Different combinations of |∆m232| and |∆m232| values used in Fig 2.
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Fig. 2(c) shows that null hypothesis is tangential to 3σ CL when true values of
|∆m232| = 2.1×10−3eV 2 and |∆m232| = 2.4×10−3eV 2 (i.e.|∆m232|− |∆m232| =
−0.3 × 10−3eV 2). Fig.2(d) shows that the null hypothesis is ruled out at
roughly 2.5σ CL when true value of |∆m232| = 2.4 × 10−3eV 2 and |∆m232| =
2.1× 10−3eV 2 (i.e.|∆m232| − |∆m232| = +0.3× 10−3eV 2).
3.4 ICAL sensitivity for |∆m232|–|∆m232| 6= 0
In order to check the ICAL sensitivity for a non-zero value of the difference
between |∆m232| and |∆m232|, the true values of |∆m232| and |∆m232| have been
varied independently in a range (0.0021 − 0.0028eV 2). But, we estimate the
χ2(ν + ν) only when the observed values of |∆m232| and |∆m232| are equal. In
other words, the χ2(ν+ν) is being estimated on the null hypothesis line where
the |∆m232| and |∆m232| values are equal. The minimum value of χ2 is chosen
on this line that corresponds to the tangential point where the null hypothesis
line coincides with the corresponding contour. Finally, this minimum χ2 is
binned as a function of difference in the true values of (|∆m232|-|∆m232|). This
will result in several χ2 points corresponding to a common (|∆m232|− |∆m232|)
difference, depicted as dots in Fig.3. From all such candidate points, we pick
those points that have the smallest χ2 values and depict them as stars [see
Fig.3].
For each value of (|∆m232| − |∆m232|), we calculate ∆χ2 = χ2 − χ2min as-
suming χ2min = 37 and plot it as the functions of |∆m232| − |∆m232| in Fig 4.
This figure depicts the INO-ICAL potential for ruling out the null hypothesis
|∆m232| = |∆m232| and is our final result of the present study.
4 Results and Conclusions
The experimental confirmation of different sets of oscillation parameters for
neutrinos and antineutrinos will be a signature of any new physics like CPT
symmetry in the neutrino sector. In this paper, we investigate this possibility
by studying INO-ICAL potential for the separate measurements of neutrino
and antineutrino oscillation parameters for 10 years of exposure. The CC
νµ and νµ events are separated into muon energy, muon direction and hadron
energy bins. A χ2 analysis is used with realistic detector resolutions, efficiencies
and systematic errors. The separate analysis for neutrino and antineutrino
events having identical oscillation parameters (|∆m232| = |∆m232|, sin2 θ23 =
sin2 θ23) indicates that ICAL can measure the atmospheric neutrino parameters
|∆m232| with a precision of 10.14% and sin2 θ23 with a precision of 27.10%. The
atmospheric antineutrino parameters |∆m232| and sin2 θ23 can be measured
with a precision of 13.4% and 38.0% at 3σ confidence level respectively. As
expected, the combined νµ+νµ events show a better sensitivity with a precision
11
Figure 3: χ2 versus (|∆m232| − |∆m232|)True(eV 2) plot, black dots represents
the several minimum χ2 for a common (|∆m232| − |∆m232|) difference and red
stars depicts the smallest χ2 value among all of them.
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Figure 4: The INO-ICAL sensitivity for (|∆m232| − |∆m232|)True(eV 2) at 1σ,
2σ and 3σ confidence levels.
13
of 8.7% for |∆m232| and 25.0% for sin2 θ23 at same confidence level due to larger
events in χ2.
Further, we investigate the scenario where the neutrino and antineutrino os-
cillation parameters have different values. We measure the ICAL sensitivity for
ruling out the null hypothesis (|∆m232| = |∆m232|) by estimating the difference
between the true values of mass squared differences of neutrinos and antineutri-
nos i.e. (|∆m232|−|∆m232|). We show that ICAL can rule out the null hypoth-
esis of |∆m232| = |∆m232| at more than 3σ level if the difference of true values
of |∆m232|−|∆m232| ≥ +0.4×10−3eV 2 or |∆m232|−|∆m232| ≤ −0.4×10−3eV 2.
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